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Molecular Mechanisms Underlying a Unique
Intermediate Phase of Memory in Aplysia
utes (short-term facilitation; STF) following a single tail
shock and for24 hr (long-term facilitation; LTF) follow-
ing repeated spaced shocks (Hawkins et al., 1983; Wal-
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ters et al., 1983; Buonomono and Byrne, 1990; Mercer2 Department of Molecular, Cellular,
et al., 1991; Cleary et al., 1998). Considerable evidenceand Developmental Biology
suggests that the synaptic changes accompanying sen-Yale University
sitization training with tail shock are mediated by theNew Haven, Connecticut 06520
biogenic amine serotonin (5HT), which is directly re-3 Department of Neurobiology and Behavior
leased onto both the SNs and MNs by tail shock (S.Center for the Neurobiology of Learning
Marinesco and T. J. Carew, Soc. Neurosci., abstract;and Memory
see also, Levenson et al., 1999). For example, heterosyn-University of California, Irvine
aptic facilitation of SN-MN synapses is produced byIrvine, California 92697
direct activation of serotonergic interneurons (Mackey
et al., 1989) and by single and repeated pulses of 5HT
to the CNS, which mimic the effects of tail shock for STF
Summary and LTF, respectively (Walters et al., 1983; Montarolo et
al., 1986; Mercer et al., 1991; Clark and Kandel, 1993;
Short- and long-term synaptic facilitation induced by Emptage and Carew, 1993; Mauelshagen et al., 1996;
serotonin at Aplysia sensory-motor (SN-MN) synapses Zhang et al., 1997). Taken together, these results sug-
has been widely used as a cellular model of short- and gest that short-term and long-term synaptic facilitation
long-term memory for sensitization. In recent years, induced by 5HT at SN-MN synapses contribute to short-
a distinct intermediate phase of synaptic facilitation term and long-term memory (STM and LTM, respec-
(ITF) has been described at SN-MN synapses. Here, tively) for sensitization induced by tail shock.
we identify a novel intermediate phase of behavioral The first indication that an additional phase of synap-
memory (ITM) for sensitization in Aplysia and demon- tic facilitation, separate from STF and LTF, could be
strate that it shares the temporal and mechanistic fea- induced at SN-MN synapses came from work by Ghirardi
tures of ITF in the intact CNS: (1) it declines completely et al. (1995), who performed a detailed analysis of 5HT-
prior to the onset of LTM, (2) its induction requires induced synaptic facilitation in cultured SN-MN syn-
protein but not RNA synthesis, and (3) its expression apses. They identified a novel intermediate phase of
requires the persistent activation of protein kinase A. facilitation (ITF) that was mechanistically distinct from
Thus, in Aplysia, the same temporal and molecular both STF and LTF: it required protein synthesis but not
characteristics that distinguish ITF from other phases RNA synthesis, which distinguished it from STF (which
of synaptic plasticity distinguish ITM from other requires neither) and LTF (which requires both) (Monta-
phases of behavioral memory. rolo et al., 1986). Mauelshagen and colleagues (1996)
extended these findings to the intact CNS, where they
demonstrated the existence of ITF at tail SN-MN syn-Introduction
apses. They found that 1–4 pulses of 5HT produced only
STF (lasting 30 min), whereas 5 pulses of 5HT wereA major challenge in the study of learning and memory
required for ITF (lasting 90 min). Moreover, the timeis to relate plasticity observed at synaptic, biophysical,
course of ITF did not overlap with LTF produced by theand molecular levels to the induction and/or expression
same pattern of 5HT exposure: ITF decayed completelyof memory observed behaviorally. Important progress
to baseline by 3 hr, several hours prior to the onset of LTFtoward this goal has recently come from a variety of
(10–15 hr). Collectively, these experiments demonstratesystems (Yin et al., 1995; Tsien et al., 1996; Abel et al.,
that, in response to different patterns of 5HT exposure,1997; Mu¨ller, 2000), among them, the marine mollusc
SN-MN synapses can show three distinct phases ofAplysia (e.g., Antonov et al., 1999). Aplysia exhibit a form
synaptic facilitation that are dissociable by both theirof nonassociative learning, sensitization, in which the
temporal dynamics and their molecular requirements foramplitude and duration of defensive withdrawal reflexes
induction. While others forms of ITF can be induced at
become enhanced following the application of a strong
SN-MN synapses (Bao et al., 1998; Yanow et al., 1998;
noxious stimulus such as tail shock. A single shock to
Sutton and Carew, 2000), here, we focus exclusively on
the tail enhances behavioral responsiveness for a period the form produced by five pulses of 5HT in the absence
of minutes, whereas repeated shocks delivered with an of SN activation.
intervening rest period produce a form of sensitization Activation of cAMP-dependent protein kinase (PKA)
that lasts days to weeks (Pinsker et al., 1973; Carew et is an important mode of intracellular signaling in Aplysia
al., 1983; Frost et al., 1985; Cleary et al., 1998). Similarly, SNs. The transient activation of PKA by 5HT is critical
the connections between tail sensory neurons (SNs) and for STF (Castellucci et al., 1980, 1982; Braha et al., 1990;
motor neurons (MNs) in the central nervous system Ghirardi et al., 1992), whereas more prolonged activation
(CNS) of Aplysia become enhanced for a period of min- leads to nuclear translocation of the catalytic subunit
(Bacskai et al., 1993), where it activates a transcriptional
cascade required for LTF (Dash et al., 1990; Bartsch et4 Correspondence: tcarew@uci.edu
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Figure 1. Distinct Phases of Memory for Sensitization Are Induced by Different Patterns of Training with Tail Shock
(A) Diagram of an Aplysia, depicting the sites on the tail used for training and testing. Independent groups of animals received either no
training (NS; n  10), five tail shocks delivered at 15 min intervals (5xS; n  12), or a single shock (1xS; n  11) applied in temporal register
with the last shock in the 5xS group.
(B) Mean ( SEM) duration of T-SW in the three groups over time before and at various times following training. In this and subsequent
figures, horizontal dashed line indicates baseline, vertical dashed line indicates training.
al., 1998). In tail SNs, 5HT can induce three distinct hours prior to the onset of LTM, (2) requires protein
but not RNA synthesis for its induction, whereas LTMphases of PKA activation (Mu¨ller and Carew, 1998) with
temporal dynamics highly similar to the three phases of requires both, and (3) requires persistent activation of
PKA for its expression. Thus, the distinctive temporalsynaptic facilitation described previously. Whereas a
single pulse of 5HT induces a short-term activation of characteristics and unique molecular signature of ITF
at SN-MN synapses accurately predict an intermediatePKA (lasting15 min), five spaced pulses of 5HT induce
both an intermediate-term (lasting1 hr) and long-term phase of memory in Aplysia.
Some of the results in this paper have been previously(lasting 20 hr) persistent activation of PKA. Similar to
the temporal dynamics of facilitation produced by 5HT presented in abstract form (M.A. Sutton et al., 2000,
Soc. Neurosci., abstract).at tail SN-MN synapses (Mauelshagen et al., 1996), per-
sistent PKA activation in tail SNs after five pulses of 5HT
is biphasic: intermediate-term PKA activation declines Results
to baseline by 3 hr, prior to the expression of long-
term activation observed 20 hr later. Moreover, the three Tail Shock Produces Three Distinct Phases
of Memory for Sensitizationphases of PKA activation have the same induction re-
quirements as those of the three phases of synaptic To explore the behavioral relevance of ITF, which has
been extensively studied at tail SN-MN synapses, wefacilitation. Transient activation of PKA after a single
pulse of 5HT requires neither protein nor RNA synthesis; examined sensitization of defensive withdrawal elicited
by tail stimulation. Siphon withdrawal was examinedintermediate-term persistent activation requires transla-
tion but not transcription, and long-term activation re- because it can be objectively measured in freely moving
animals and the neural circuit mediating the responsequires both translation and transcription. The functional
implication of the close temporal and mechanistic corre- is relatively well described (Hawkins et al., 1981; Fischer
and Carew, 1993; Frost and Kandel, 1995; Hickie andspondence between 5HT-induced PKA activation in tail
SNs and 5-HT induced facilitation at tail SN-MN syn- Walters, 1995; Wright and Carew, 1995). Moreover, the
anatomical separation of the tail SNs (in the pleural gan-apses is reinforced by the observation that inhibition of
PKA activity following five pulses of 5HT blocks the glion) and siphon withdrawal circuitry (in the abdominal
ganglion) provides distinct experimental advantages, asexpression of ITF (Sutton and Carew, 2000).
As described above, ITF can be distinguished from discussed later. ITF and LTF at SN-MN synapses typi-
cally require multiple exposures of 5HT (Montarolo etother phases of synaptic plasticity by its temporal and
molecular characteristics. Because different forms of al., 1986; Ghirardi et al., 1995; Mauelshagen et al., 1996;
Sutton and Carew, 2000). Thus, we first examined thesynaptic facilitation are thought to underlie different
forms of behavioral memory for sensitization in Aplysia, time course of sensitization of tail-elicited siphon with-
drawal (T-SW) after training with either a single shockthis raised the possibility that the unique features of ITF
might predict a unique intermediate phase of behavioral or repeated shocks to the tail in freely moving animals.
Prior to training, three pretest measurements of T-SW,memory (ITM), which could be distinguished from STM
and LTM by similar temporal and molecular characteris- elicited with a water jet (0.5 s duration) to the tail, were
made (ITI 15 min). The sites on the tail used for trainingtics. Here, we identify such a novel phase of memory
for sensitization which: (1) declines completely several and testing (Figure 1A) were sufficiently separated to
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Figure 2. Intermediate-Term and Long-Term
Phases of Memory Are Temporally Discon-
tinuous
(A) Mean ( SEM) normalized duration of
T-SW over time in those animals from the 5xS
group that demonstrated LTM (see Experi-
mental Procedures).
(B1) Experimental design: two independent
groups received staggered 5xS training such
that three intermediate-term post-tests (ITI
15 min) began either 25 min or 5 hr (n  14/
group) after training; a third, no shock group
(NS; n  15), served as controls.
(B2) Median (interquartile range) normalized
duration of T-SW in the three groups at the
intermediate-term tests and long-term tests
the following day; *p  0.05, by Mann-Whit-
ney U test (see Experimental Procedures).
activate subpopulations of tail SNs with nonoverlapping strated LTM. In the subset of 5xShock animals that
showed LTM the following day, the expression of sensiti-receptive fields (Walters et al., 1983).
Following training, the duration of T-SW in control zation was clearly biphasic: ITM was evident from 10–85
min after training, as was LTM the following day, but noanimals (No Shock group) was not significantly different
from baseline at any of the post-tests (Figure 1B), dem- sensitization was evident from 3–3.5 hr after training
(Figure 2A). These data show that our training conditionsonstrating that baseline T-SW was stable over the dura-
tion of the experiment. STM for sensitization of T-SW can induce two temporally discontinuous phases of
memory for sensitization, one in the short-term/interme-was evident 10 min after a single shock (p  0.05),
decaying to baseline within 25 min (1xShock group). In diate-term domain and the other in the long-term
domain.contrast, five shocks induced ITM for sensitization of
T-SW lasting 85 min (p  0.05 at all time points), but The temporal dynamics of memory for sensitization
observed previously give rise to two intriguing behav-decaying to baseline by 3 hr; the duration of T-SW in
all groups was comparable to baseline (NS) at this time ioral predictions: (1) after five tail shocks, animals should
exhibit no memory for sensitization after the decay ofpoint. A subset of animals in the 5xShock group (n  6
of 12) also demonstrated LTM for sensitization 20–24 ITM, and (2) the same animals should then demonstrate
LTM for sensitization when tested the following day. Tohr later (Figure 2A; see Experimental Procedures). In
contrast, the duration of T-SW in the NS or 1xShock explore these predictions, we examined the time course
of sensitization in independent groups that differed onlygroups 20–24 hr after training averaged 97.7 (3.71)
and 89.8 (4.17) (mean  SEM) percent of baseline, by the passage of time between training and testing
(Figure 2B1). One group was tested 25 min after the lastrespectively, and no animals in either group demon-
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Figure 3 compares the temporal dynamics of memory
for sensitization after five spaced tail shocks with the
time course of (1) SN PKA activation (Mu¨ller and Carew,
1998) and (2) SN-MN synaptic facilitation (Mauelshagen
et al., 1996) after five pulses of 5HT. Given the striking
temporal correspondence between these three forms
of plasticity, we were encouraged to further examine
their relationship on a mechanistic level. Specifically, if
SN plasticity and behavioral memory for sensitization
are related, we would expect them to have mechanistic
features in common.
Sensitization in the Reduced Preparation
To examine the mechanisms underlying memory for sen-
sitization, we used a reduced tail-siphon preparation
attached to the CNS (Figure 4A). In this preparation,
the ring ganglia (which contain tail SN-MN and tail SN-
interneuron synapses) and abdominal ganglion (which
contain the siphon SNs and MNs) are anatomically iso-
lated; thus, drugs can be administered to the ring ganglia
in a manner that does not affect motor components
of siphon withdrawal. To first confirm this functional
isolation, we examined the effect of blocking synaptic
transmission in the ring ganglia on performance of the
same motor response (siphon withdrawal) elicited by
tactile stimulation of either the tail (T-SW) or siphon
(S-SW) (Figure 4B). When the ring ganglia were perfused
with artificial seawater (ASW) containing 3 x Mg2 ASW
and 0 Ca2, T-SW was completely abolished but S-SW
was unaffected. This effect was reversible: the duration
of T-SW recovered to baseline levels when the perfusion
was returned to normal ASW. These results confirm both
the functional isolation of the ring ganglia in the reduced
preparation and the independence of motor perfor-Figure 3. Temporal Dynamics of Intermediate-Term and Long-Term
mance from ring ganglia manipulations.Synaptic Facilitation, SN PKA Activation, and Memory for Sensiti-
zation
Induction of ITM Requires Protein but NotMean ( SEM) PKA activity relative to untreated control in tail SNs
(top, from Mu¨ller and Carew, 1998) and mean ( SEM) EPSP ampli- RNA Synthesis
tude relative to baseline of tail SN-MN synapses (middle, from STF, ITF, and LTF induced by 5HT at SN-MN synapses
Mauelshagen et al., 1996) after five pulses of 5-HT. Mean ( SEM) can be dissociated by their mechanistic requirements
duration of T-SW relative to baseline after five spaced tail shocks
for induction: LTF requires both protein and RNA synthe-(bottom). In each case, the intermediate phase (3 hr) of plasticity/
sis, ITF requires translation but not transcription, andmemory completely decays prior to the onset of the long-term phase
STF requires neither (Montarolo et al., 1986; Ghirardi et(20 hr).
al., 1995; Sutton and Carew, 2000). We next examined
whether ITM could be similarly distinguished on the mo-shock, a time at which ITM (but not STM) was observed
lecular level by inhibiting protein or RNA synthesis inpreviously (Figure 1B). The second group was tested 5
the ring ganglia during training. We first examined thehr after the last shock, a time that exceeds the duration
effect of administering the protein synthesis inhibitorof both ITM in the present study (Figure 1B) and ITF
emetine (100 M) to the ring ganglia on the inductionat tail SN-MN synapses (Mauelshagen et al., 1996). As
of STM and ITM (Figure 5). This concentration of emetineshown in Figure 2B2, the group tested 25 min after the
blocks 90% of protein synthesis in isolated ganglialast shock demonstrated significant ITM for sensitiza-
(S.E. McKay, et al., unpublished data). In these experi-tion compared to nontrained controls (p  0.05),
ments, ASW containing emetine was delivered from 45whereas the group tested 5 hr after training showed
min before testing to the completion of training. A singleno ITM (NS). However, the following day, both groups
shock induced significant STM in both normal and eme-demonstrated significant LTM for sensitization com-
tine-containing ASW (5 min time point, both p  0.05;pared to nontrained controls (p  0.05), and the degree
Figure 5, middle). Baseline T-SW in non-trained prepara-of sensitization was comparable between them. These
tions was also unaffected by emetine (Figure 5, top). Inresults demonstrate that the biphasic profile of memory
contrast, emetine blocked the induction of ITM by fivefor sensitization is not simply a result of repeated testing
tail shocks. In the absence of emetine, as in the intact(giving rise to habituation, for example); rather, they
freely moving animal, five spaced tail shocks producedshow that ITM induced in our experiments represents
ITM for sensitization that persisted for 80 min (Figurea temporally discrete phase of memory that declines
several hours prior to the onset of LTM. 5, bottom, p  0.05 at all time points). However, when
Intermediate-Term Memory in Aplysia
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Figure 4. The Reduced Preparation
(A) Diagram of reduced preparation, depicting the sites on the tail used for training and testing. Drug administration (indicated by shading)
was confined to the ring ganglia.
(B) Mean ( SEM) duration of SW (normalized to the average of two pre-tests) elicited by tail or siphon stimulation in the same preparations
before, during (indicated by shading), and following perfusion of the ring ganglia with ASW containing 3  Mg2 and no added Ca2 to block
synaptic transmission (n  6). Tail and siphon stimulation were offset by 60 s for each test.
emetine was present during five shock training, no ITM mycin, as reflected by a significant difference between
T-SW duration in preparations pretreated with actino-was observed (from 20–80 min later; NS at all time
points). The residual protein synthesis-independent mycin or ASW (p  0.05). In the absence of training
(NS groups), control preparations showed no change inmemory following five shocks closely resembles STM
produced by a single shock (Figure 5, middle), although T-SW duration regardless of whether they were pre-
treated with actinomycin or ASW. These experimentswe cannot unequivocally presume that they are identi-
cal. These results demonstrate that ITM can be distin- demonstrate that the induction of LTM for sensitization,
unlike ITM, requires transcription.guished from STM by its requirement for new protein
synthesis.
We next examined the effect on the induction of ITM Expression of ITM Requires Persistent Activation
of PKAof blocking RNA synthesis in the ring ganglia with the
irreversible transcription inhibitor actinomycin D (50 g/ Because the induction requirements for ITF and ITM
were the same, we next compared their expression re-ml). Preincubation with actinomycin D at this concentra-
tion for 60 min inhibits RNA synthesis in abdominal gan- quirements. Recall that five pulses of 5HT induces a
persistent activation of PKA for 1 hr in tail SNs (Mu¨llerglia by 90% and blocks LTF at SN-MN synapses
(Montarolo et al., 1986). We first examined whether and Carew, 1998), and this persistent PKA activation is
necessary for the expression of ITF induced by fiveblocking transcription in this fashion would affect the
induction of ITM (Figure 6A). As before, five spaced tail pulses of 5HT (Sutton and Carew, 2000). Thus, we exam-
ined the role of persistent PKA activation in ITM expres-shocks produced ITM for sensitization that persisted for
80 min. In preparations pretreated with actinomycin, sion by blocking PKA activity after ITM was induced by
five tail shocks. The presence of ITM was confirmedthe magnitude and time course of ITM following training
was virtually identical to that observed in control prepa- by examining T-SW at 5 and 20 min after training (see
Experimental Procedures). Immediately following the 20rations and no change in T-SW was observed in non-
trained preparations pretreated with actinomycin. Thus, min post-test, the PKA inhibitor KT 5720 (10 M) or its
vehicle (1% DMSO) were applied to the ring ganglia,like the induction of its synaptic counterpart, ITF, the
induction of ITM requires protein, but not RNA, syn- and T-SW was measured at the 50 and 65 min post-
tests. Two additional post-tests at 95 and 110 min afterthesis.
Given that LTF requires transcription (Montarolo et training were also conducted following washout of the
drug/vehicle from the bath. Blocking PKA activity withal., 1986), we next explored whether the same course
of actinomycin treatment would block the induction of KT 5720 reversibly abolished ITM expression after train-
ing, but had no effect on baseline T-SW in nontrainedLTM (measured at 18 hr) after five tail shocks (Figure
6B). In the absence of actinomycin, five shock training preparations (Figure 7). Moreover, after KT 5720 wash-
out, memory for sensitization was again apparent (com-produced a significant increase in duration of siphon
withdrawal at the long-term test (p  0.05). LTM for parable to ITM in controls), demonstrating that the ex-
pression of ITM was disrupted by PKA inhibition. Thus,sensitization was blocked by preincubation with actino-
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Figure 5. Induction of Intermediate-Term but
Not Short-Term Memory Requires New Pro-
tein Synthesis
The protein synthesis inhibitor emetine (100
M) was applied to the ring ganglia from 40
min prior to pre-tests until the completion of
training. Data are expressed as mean (SEM)
duration of T-SW normalized to the average
of three pre-tests in preparations treated with
ASW or emetine and trained with NS (top; n
3/group), 1xShock (middle; n  6/group), or
5xShock (bottom; n  6/group).
like ITF at tail SN-MN synapses, ITM for sensitization memory. Thus, the cellular model of sensitization has
generated many behavioral predictions that are nowof T-SW requires protein, but not RNA, synthesis for
induction and persistent PKA activation for its ex- possible to test directly. In particular, the ability to disso-
ciate different phases of synaptic facilitation based onpression.
both temporal dynamics and distinct molecular require-
ments provided us the opportunity to identify a uniqueDiscussion
intermediate phase of memory that shows close corre-
spondence to that predicted by the cellular model.The induction of SN-MN synaptic facilitation by 5HT
has been widely used as a cellular model of behavioral While the temporal and mechanistic correspondence
between plasticity at monosynaptic tail SN-MN connec-sensitization in Aplysia. This system has proven to be
very useful in providing insights into candidate cellular tions and behavioral memory for sensitization is striking,
it should be emphasized that T-SW is mediated by aand molecular events that underlie different phases of
Intermediate-Term Memory in Aplysia
149
Figure 6. Induction of Long-Term but Not In-
termediate-Term Memory Requires New RNA
Synthesis
The irreversible transcriptional inhibitor acti-
nomycin D (50 g/ml) was delivered to the
ring ganglia for a 60 min treatment prior to
pre-tests; this treatment blocks 90% of
RNA synthesis in isolated ganglia (see text).
Data are expressed as mean ( SEM) dura-
tion of T-SW normalized to the average of
three pre-tests.
(A) Blocking transcription with actinomycin
has no effect on the induction of ITM pro-
duced by 5xShock training (n 7/group), nor
did it have any effect on baseline T-SW in no
shock controls (n  3).
(B) 5xShock training induces LTM for sensiti-
zation, evident 18 hr after training, in the re-
duced preparation (n 12). Actinomycin pre-
treatment blocks the induction of LTM by five
tail shocks (n  8) but has no effect on base-
line T-SW in no shock controls (n  3/group).
polysynaptic pathway comprised of tail SN to in- siphon MNs (e.g., LPl17; Cleary and Byrne, 1993), their
relative contributions to the T-SW circuit are as yet un-terneuron (IN), and IN to siphon MN synapses (and possi-
bly IN-IN synapses). While a number of INs have been known. Given that plasticity of synaptic transmission
between tail SNs and tail MNs has generated severalidentified that could potentially link tail SN output to the
Figure 7. The Expression of Intermediate-
Term Memory Requires Persistent PKA Acti-
vation
The PKA inhibitor KT 5720 (10 M) or its vehi-
cle (1% DMSO) were applied to the ring gan-
glia bath during the expression of ITM after
five tail shocks (n  7/group); no shock (NS)
preparations were also treated with KT 5720
(10 M) over the same period (n  6). ITM
was confirmed by tests of T-SW at 5 and 20
min after training, after which KT 5720 or vehi-
cle were applied until completion of the 65
min test (indicated by shading). Then, the
drug/vehicle was washed out, and additional
tests of T-SW were conducted at 95 and 110
min. The expression of ITM was preserved in
the presence of vehicle, but was abolished
at the 50 and 65 min time points by blocking
PKA activity with KT 5720. Upon washout of
KT 5720 at the 95 and 110 min time points,
ITM recovered to control levels.
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predictions that we have confirmed behaviorally in the phase of hyperexcitability (evident 1–3 hr following train-
ing) that completely decays prior to long-term hyperex-present study, this raises the hypothesis that plasticity
at tail SN-MN synapses may capture important features citability (emerging 16–24 hr after training) induced by
the same pattern of training. While the temporal domainsof synaptic plasticity expressed at other sites in the
T-SW circuit. Indeed, Cleary et al. (1998) found that in- over which these biphasic profiles have been observed
vary from minutes to hours depending on the speciescreased amplitude of tail SN-MN synapses was associ-
ated with LTM for sensitization of T-SW and the strength and the tasks examined, the conservation of this particu-
lar feature of memory across phyla suggests that it re-of this monosynaptic connection correlated significantly
with the degree of sensitization observed behaviorally. flects some fundamental property of memory retention.
Given that the temporal discontinuity between memoryTaken together, these results implicate an important role
of SN plasticity in memory expressed in the T-SW reflex, phases for sensitization is also associated with distinct
mechanisms for each phase (discussed later), our re-although they do not preclude the possibility that plas-
ticity at other sites in the T-SW circuit contributes to the sults support the original suggestion by Kamin (1957,
1963) that the biphasic retention profile may reflect aninduction and/or expression of memory for sensitization.
This represents an important dimension for future incomplete overlap of two distinct memory phases.
Moreover, Kamin (1957, 1963) also observed that thestudies.
biphasic profile in rats was abolished by overtraining.
Thus, our specific training conditions likely optimize theITM for Sensitization Exhibits No Temporal
temporal separation between ITM and LTM, and furtherOverlap with LTM
training or perhaps other patterns of training might giveLike SN-MN synaptic facilitation and SN PKA activation
rise to a different overall retention profile.induced by 5HT, tail shock can induce three distinct
phases of memory for sensitization. A single shock pro-
duced STM for sensitization that decayed rapidly (within ITM Has a Unique Molecular Signature
that Distinguishes It from STM and LTM30 min), while five spaced shocks produced ITM (lasting
85 min) and LTM (lasting 24 hr) for sensitization. At a synaptic level, STF requires neither protein nor RNA
synthesis; ITF requires translation but not transcription,Interestingly, ITM decays completely by 3 hr and no
memory for sensitization is evident from at least 3–6 hr and LTF requires both (Montarolo et al., 1986; Ghirardi
et al., 1995; Sutton and Carew, 2000). Three comparableafter training despite the fact that the same animals
demonstrate LTM for sensitization when tested the fol- phases of PKA activation in tail SNs can be distinguished
mechanistically in a similar fashion (Mu¨ller and Carew,lowing day. These results demonstrate that ITM repre-
sents a discrete phase of memory with a time course 1998). Our results now show that three distinct phases
of memory for sensitization each have unique macromo-of expression that is independent of LTM. Because there
is no temporal overlap between ITM and LTM, it is now lecular requirements for induction, and the same mecha-
nistic features that distinguish each phase at the synap-possible to unambiguously analyze the unique mecha-
nisms involved in each of these phases of memory. tic and biochemical levels also distinguish each phase
of memory at the behavioral level.While the lack of memory for sensitization from 3–6
hr after five shock training appears counterintuitive from Results from two previous studies have shown that
LTM for sensitization requires new protein and RNA syn-an adaptive perspective, the biphasic retention profile
we observe for sensitization is similar to a well-estab- thesis. Castellucci and colleagues (1989) examined LTM
for sensitization of siphon-elicited gill withdrawal in alished U-shaped temporal profile for memory retention
first reported by Kamin (1957) examining memory for reduced preparation, and found that selective applica-
tion of the protein synthesis inhibitor anisomysin to theshuttle-box avoidance learning in rats. This general phe-
nomenon, in which periods of high memory retention abdominal ganglion blocked the induction of LTM. An-
other study (Levenson et al., 2000) examined LTM forare temporally separated by periods with diminished
retention, has been reported in a variety of species in- sensitization of T-SW in intact animals. They found that
systemic treatment with either the protein synthesis in-cluding rats (Kamin 1957, 1963), mice (Robustelli et al.,
1970), goldfish (Riege and Cherkin, 1971), octopus hibitor emetine or the RNA synthesis inhibitor DRB
blocked LTM for sensitization. Our results complement(Sanders and Barlow, 1971), chicks (Gibbs and Ng, 1979;
Rosenzweig et al., 1993), honeybee (Mercer and Menzel, and extend these findings by demonstrating that the
induction of LTM for sensitization of T-SW requires RNA1982), and humans (Tallarico, 1973). In the honeybee,
for example, memory retention after classical condition- synthesis specifically in the region of the CNS containing
the tail SNs (the ring ganglia).ing of the proboscis extension reflex is biphasic. After
pairing an odorant (which does not elicit proboscis ex- In contrast to the effect on LTM, the induction of ITM
by five tail shocks was not affected by inhibiting RNAtension) with sucrose reward, honeybees learn to extend
their proboscis to presentations of the odorant alone. synthesis. However, treatment with the protein synthe-
sis inhibitor emetine did block the induction of ITM in-Whereas initial retention at 30–60 s after a single pairing
is high, retention markedly declines by 3 min, but high duced by five tail shocks, but did not block STM induced
by a single tail shock (Figure 5). These results demon-retention again returns by 10 min after training (Mercer
and Menzel, 1982; Gerber and Menzel, 2000). A similar strate that, in addition to distinctive temporal character-
istics, each phase of memory for sensitization has abiphasic profile has been observed in studies of the
temporal dynamics of photoreceptor hyperexcitability unique molecular signature. Thus, like comparable inter-
mediate phases of SN-MN synaptic facilitation and SNafter classical conditioning in Hermissenda (Crow et al.,
1997, 1999). These studies demonstrate an intermediate PKA activation, ITM for sensitization can be distin-
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guished from STM by both its temporal persistence and depend on the species or tasks examined or on the
by its translational requirement, and from LTM by both memory phases in question. For example, evidence from
its temporal decay prior to LTM expression, and by its chick indicates that the transition between memory
lack of dependence on transcription. One implication of phase is serial (Gibbs and Ng, 1977), whereas studies
these findings is that translation of preexisting mRNA in rats have suggested a parallel mode of memory pro-
is an important point of regulation in the induction of cessing (Frieder and Allweis, 1978; Izquierdo et al.,
ITM for sensitization. While it remains to be determined 1998). In Drosophila, distinct memory phases based on
whether ITM depends on local regulation of protein syn- the same learning task may be processed in series or
thesis, it is noteworthy that isolated SN neurites are parallel depending on which phases are examined. For
capable of translation, and this local protein synthesis example, Tully et al. (1990, 1994) have shown that ARM
is critical for the induction of LTF (Martin et al., 1997). and LTM can be induced independently and in parallel,
A growing body of evidence in several systems has whereas the transition from STM through MTM is
also identified multiple phases of memory, as well as thought to be serial. In Aplysia, STF and LTF at tail
neuronal plasticity thought to be involved in memory, SN-MN synapses are induced in parallel (Emptage and
that are distinguishable by their underlying mechanism. Carew, 1993; see also Clark and Kandel, 1993), sug-
For example, three distinct phases of long-term potenti- gesting that STM and LTM for sensitization of T-SW
ation (LTP), induced by different patterns of tetanic stim- might be similarly processed. Although the features of
ulation, have been identified in the CA1 region of hippo- ITM may suggest a potential role in LTM consolidation
campus. Inhibitors of protein synthesis (Frey et al., 1988) (see later), the relationship of STM and LTM with ITM
or RNA synthesis (Nguyen et al., 1994) block the induc- for sensitization in Aplysia is still unclear, and remains
tion of a late phase of LTP (L-LTP), which normally an important question for future studies.
emerges 2–3 hr after multiple tetani, but do not affect
an early phase (E-LTP) which is induced by a single The Expression of ITM Requires a Persistent
tetanus. Winder et al. (1998) have further identified an Activation of PKA
intermediate phase of LTP (I-LTP) that can be distin- Thus far, we have discussed the mechanistic require-
guished from E-LTP in requiring multiple tetani for induc- ments for the induction of STM, ITM, and LTM, as well
tion and PKA, and from L-LTP in that it does not require as their cellular and molecular correlates. In a previous
protein synthesis. study (Sutton and Carew, 2000), the extended time
Multiple phases of neuronal plasticity can similarly be course of ITF allowed us to test the hypothesis that the
distinguished mechanistically in Hermissenda photore- expression of ITF induced by five pulses of 5HT required
ceptors after classical conditioning (Crow et al., 1997, the persistent intermediate-term (1 hr) activation of
1999). In addition to multiple phases of hyperexcitability PKA that is induced by the same pattern of 5HT expo-
that can be distinguished on the basis of their temporal sure (Mu¨ller and Carew, 1998). We found that the expres-
dynamics (as discussed previously), these same phases sion of ITF was abolished when PKA activity was
have distinct mechanistic requirements for induction. blocked, and that the synapse returned to a facilitated
Thus, a short-term phase of hyperexcitability requires
level when the PKA inhibition was relieved. In the present
neither protein nor RNA synthesis; an intermediate-term
study, using an analogous method, we found that
phase requires protein but not RNA synthesis, and a
blocking PKA activity reversibly disrupted ITM expres-
long-term phase requires both. These studies thus dem-
sion. The fact that ITM recovered following removal ofonstrate that multiple phases of neuronal plasticity in
the PKA inhibitor suggests that the underlying pro-several systems can now be distinguished by their un-
cesses responsible for the persistent PKA activation,derlying mechanism.
once induced, are maintained in the face of PKA inhibi-Finally, multiple phases of memory in both vertebrate
tion. These results demonstrate that a persistent activa-and invertebrate animals can also be mechanistically
tion of PKA underlies the expression of ITM.distinguished. For example, in Drosophila, it has been
While the relationship between ITM and LTM in Aplysiapossible to genetically dissect at least four phases of
remains to be determined, the persistent activation ofmemory for olfactory conditioning (Tully et al., 1990,
PKA that underlies the expression of ITM is an excellent1994), including short-term (STM), medium-term (MTM),
candidate mechanism for playing a role in LTM consoli-anesthesia-resistant (ARM), and long-term (LTM) mem-
dation. For example, by prolonging the activation ofory phases. Unlike the short-term and medium-term
downstream molecular events required for LTM, the per-phases (which persists for24 hr), ARM lasts for 4 days
sistent activation of PKA that underlies the expressionfollowing training, but is less persistent than a long-term
of ITM may also act to promote the induction of LTM.phase (LTM) evident 7 days following training. These
Related to this possibility, the induction of LTF at SN-phases, when defined by genetic approaches, bear re-
MN synapses requires transcriptional activation via thesemblance to comparable phases (STM, MTM, and LTM)
cAMP response element binding protein (Dash et al.,of memory identified by pharmacological disruption in
1990; Martin et al., 1997; Bartsch et al., 1998; CasadioDrosophila (e.g., Xia et al., 1998), chicks (e.g., Gibbs and
et al., 1999), which is a target of PKA in Aplysia SNs.Ng, 1977; Rosenzweig et al., 1993) and rats (e.g., Frieder
Moreover, exposure of cultured SN-MN synapses to aand Allweis, 1978, 1982).
cAMP analog for a duration that is similar to the timeGiven that multiple phases of memory have been es-
course of ITM is sufficient to induce LTF (Schacher ettablished in a number of species, it is now of consider-
al., 1988). These studies in Aplysia suggest that theable interest to examine the “serial” versus “parallel”
persistent activation of PKA underlying ITM expressionnature of multiphasic memory processing. In this regard,
the mode of processing between memory phases may may also have a critical role in the consolidation of LTM.
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the ring ganglia and abdominal ganglion (via the pleural-abdominalResults from other systems also implicate specific tem-
connective) were also kept intact, as were the connections from theporal phases of PKA activation in the consolidation of
abdominal ganglion to the mantle shelf. The tail and mantle wereLTM. In particular, Bernabeu et al. (1997) demonstrated
then surgically removed. To keep the tail and siphon suitably inflated
a time-limited role for activators of PKA (8-bromo-cAMP throughout the experiment, each were continually perfused with
and forskolin) in the consolidation of LTM for step-down cooled tank seawater (Instant Ocean, 15C). The siphon artery was
cannulated with silastic tubing (ID  0.25 in) and perfused at 5avoidance training. Interestingly, while these agents ef-
ml/min, while the tail was perfused at 0.5 ml/min through a 22-fectively enhanced LTM when administered into the CA1
gauge needle inserted into the medial aspect of the tail. The tailregion of hippocampus 3 and 6 hr after training, they
and mantle were pinned to the Sylgard-coated floor of a chamberwere ineffective when administered either immediately
containing circulating tank seawater (15C), while the ring ganglia
after or 9 hr after training. Moreover, upregulation of were pinned ventral side up in a separate Sylgard-coated chamber
PKA in the CA1 region of hippocampus produces L-LTP and perfused continuously at room temperature (20–22C) with arti-
ficial seawater (ASW) containing in mM: 460 NaCl, 55 MgCl2, 11(Frey et al., 1993; see also Huang et al., 1994), and the
CaCl2 10 KCl, 10 Tris (pH 7.6). In all experiments, the ring ganglia (withPKA-dependent intermediate phase of LTP (I-LTP) in
both pleural-pedal ganglia desheathed) were isolated in a separatethis region gates the full expression of L-LTP (Winder
subchamber and perfused independently of the rest of the prepara-et al., 1998). Finally, a recent study by Mu¨ller (2000) has
tion (Figure 4A). The P9 nerves and pleural-abdominal connectives
demonstrated that multiple olfactory conditioning trials exited the subchamber through small slits that were sealed with
produce a prolonged activation of PKA in the antennal vaseline. Preparations were allowed at least 60 min to recover prior
to pre-test measurements.lobes of the honeybee, and prolonging the normally tran-
Training and testing of the reduced preparation was identical tosient activation of PKA in this region after a single condi-
that of freely moving animals. To investigate the requirement oftioning trial enhances the induction of LTM. Collectively,
protein synthesis for the induction of STM and ITM, the proteinthese results suggest that intermediate synaptic and
synthesis inhibitor emetine (Sigma, St. Louis, MO) was added to the
molecular events, in addition to contributing to the in- perfused ASW in the subchamber at a concentration of 100 M
duction and expression of intermediate phases of mem- from 45 min prior to pre-tests to the completion of training. This
concentration of emetine was used to block protein synthesis be-ory, may play important roles in the transition to more
cause previous studies have shown that it does not affect baselinelong-lasting forms of memory as well.
synaptic transmission or STF even after extended exposures (Martin
et al., 1997; Sherff and Carew, 1999). To examine the role of RNAExperimental Procedures
synthesis in ITM and LTM, the irreversible transcription inhibitor
actinomycin D (Sigma, St. Louis, MO) was applied to the ring gangliaBehavioral Procedures
sub-chamber at a concentration of 50 g/ml prior to testing. Actino-Wild-caught adult Aplysia californica (supplied by Marinus, Long
mycin treatment continued for 60 min in a static bath, and wasBeach, CA, or Marine Specimens Unlimited, Pacific Palisades, CA)
washed out 15 min prior to pre-tests.weighing 300 g were used in the experiments. For the analysis of
sensitization in freely moving animals, animals were housed and
Data Analysistested in individual chambers. A minimum of four days prior to
Baseline duration of T-SW was determined by the average of threetesting, animals were anesthetized (by cooling), and the parapodia
pre-tests. To examine ITM for sensitization, baseline T-SW (in s) andwere removed to enhance visibility of the siphon. In all experiments,
T-SW following training were analyzed with a single factor analysis ofduration of siphon withdrawal was measured by an observer who
variance (ANOVA). Following the ANOVA, individual time points werewas blind to both training and drug condition (where applicable).
compared against baseline using Fisher’s LSD to test for significantPrior to training in all experiments, three pre-tests (ITI  15 min)
sensitization. For experiments examining LTM for sensitization,were conducted to ensure a stable baseline of tail-elicited siphon
T-SW at the long-term tests was compared with baseline using awithdrawal (T-SW) duration. In each of these tests, the tail (approxi-
paired t test within a group, while differences between groups (usingmately 1 cm from its tip) was stimulated with a water jet (0.5 s
data normalized to baseline) were compared with an unpaired t test.duration), which elicited siphon withdrawal that typically lasted be-
In one set of experiments (Figure 2B2), deviations from normalitytween 5 and 10 s in duration. For training, tail shocks (1.5 s duration)
precluded the use of parametric statistics for data analysis. In thiswere delivered to a site immediately posterior to the convergence
experiment, differences between groups were assessed with aof the parapodia through a handheld electrode (see Figure 1A). The
Mann-Whitney U test.nominal current across the electrode was 100 mA, although much
of this current is shunted by the seawater. In experiments examining
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